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HIGHLIGHTS 


•  Comparative  fire  behavior  of  LiPF6  or  LiFSI  containing  electrolytes  was  studied. 

•  Salt  discriminating  effect  impacting  overall  related  electrolyte  pool  burning  mode. 

•  Effective  heat  of  pool  combustion  were  determined  and  ranged  between  11  and  16  kj  g~\ 

•  Fire  toxicity  bound  to  late  production  of  irritants  (HF,  S02)  and  asphyxiants  (CO). 
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A  detailed  investigation  of  the  combustion  behavior  of  LiPF6  or  LiFSI-based  carbonate  electrolytes  was 
conducted  with  the  objective  of  getting  better  knowledge  of  lithium-ion  battery  system  fire  induced 
thermal  and  chemical  threats.  The  well— controlled  experimental  conditions  provided  by  the  Tewarson 
calorimeter  have  enabled  the  accurate  evaluation  of  fire  hazard  rating  parameters  such  as  heat  release 
rate  and  effective  heat  of  combustion  and  the  quantification  of  toxic  effluents  (HF,  SO2,  NOx...).  Results 
have  shown  that  all  the  electrolytes  tested  burn  in  phases  depending  on  the  flammability  nature  of  their 
mixture  constituents.  The  first  stage  of  combustion  is  solely  governed  by  the  more  volatile  solvent  (linear 
carbonate)  and  the  influence  of  adding  salt  comes  into  effect  predominantly  in  the  second  stage.  It  has 
been  also  shown  that  combustion  enthalpy  of  electrolytes  lies  in  the  solvent  mixture,  irrespective  of  the 
salt  added.  The  fire  induced  toxicity  in  well-ventilated  conditions  is  found  to  be  mainly  dictated  by  the 
salt  and  its  chemical  structure,  showing  very  limited  concerns  that  emanate  from  the  organic  solvents. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Owing  to  their  success  in  the  domain  of  hand-held  devices, 
lithium-ion  battery  (LIB)  is  now  being  considered  as  the  key  tech¬ 
nology  for  emerging  innovative  large-scale  applications  (automo¬ 
bile,  solar  and  wind  energy...)  and  grid  storage  (load  leveling, 
integration  of  renewable  energy  sources  etc...).  The  impetus 
behind  the  development  of  this  technology  is  to  reduce  our 
dependence  on  depleting  petroleum,  trim  down  emission  of 
greenhouse  gases,  mitigate  global  warming  and  thereby  protect  the 
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environment.  Over  the  past  two  decades,  research  development  on 
LIB  technology  has  markedly  improved  the  electrochemical  per¬ 
formances.  Yet,  the  stringent  safety  requirements  for  such  large- 
scale  applications  remain  a  major  hurdle,  slowing  down  their 
commercialization  for  the  foreseen  staggering  energy  storage 
demands. 

Because  of  its  contact  with  the  strongly  reducing  anodes  and 
oxidizing  cathodes,  and  its  flammable/combustible  constituents, 
the  electrolyte  is  considered  as  the  most  detrimental  part  of  the  LIB 
pertaining  to  both  its  thermal  stability  [1,2]  and  fire-induced  risks 
[3,4],  When  Li-ion  batteries  are  under  off-normal  conditions  either 
by  electrical,  mechanical,  thermal  or  internal  fault  abuse  events, 
electrolytes  can  be  ejected  into  air,  generally  in  the  form  of  aerosols 
which  can  possibly  ignite  with  air  and  resulting  in  fire  and 
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explosion  depending  on  local  temperature,  pressure,  gas  compo¬ 
sition,  etc...  [5—13]  The  energy  dissipated  accidentally  by  a  burning 
electrolyte  is  several  times  larger  than  the  electrical  energy  stored 
in  a  battery  and  its  accident  scenario  has  some  of  the  serious 
consequences,  resulting  in  cascading  failure  of  other  cells  in  the 
battery  assembly  (module  or  pack)  [14], 

While  a  number  of  efforts  are  being  devoted  to  qualifying  the 
safety  issues  of  LIBs,  studies  dealing  with  the  fire-induced  hazards 
of  battery  components  are  much  scarcer  [15],  Safety  of  large  format 
Li-ion  technology  is  a  systemic  issue  with  a  number  of  inputs  and 
factors  and  cannot  be  evaluated  by  a  single  criterion  or  simple  set  of 
parameters.  Rather,  it  has  to  be  determined  by  implementation  of 
complementary  approaches  and  the  full  safety  appraisal  of  LIBs 
requires  a  systematic  approach  aiming  at  investigating  at  cell 
component,  cell  level,  modules  and  packs.  To  address  the  afore¬ 
mentioned  safety  issues,  our  research  group  has  started  a  step  by 
step  detailed  evaluation  of  both  the  thermal  16,17]  and  chemical 
fire-induced  hazards  of  classical  liquid  electrolytes  used  in  state-of- 
the-art  lithium-ion  batteries.  Their  basic  function  is  to  serve  as 
medium  for  the  transfer  of  charges  between  the  anode  and  the 
cathode.  In  practice,  due  to  the  diverse  requirements  of  batteries 
such  as  wide  functioning  temperature  ranges,  power  or  energy 
demanding,  most  electrolyte  formulations  are  based  on  solutions  of 
blends  of  two  or  more  solvents  in  which  ~1  M  lithium  salts  is  dis¬ 
solved.  These  blends  are  usually  composed  of  flammable  linear 
carbonates  (dialkyl  carbonates  with  alkyl  =  methyl  and/or  ethyl) 
and  combustible  cyclic  carbonates  solvents  (e.g.  ethylene  and/or 
propylene  carbonate).  The  idea  is  that  the  cyclic  carbonates  help  to 
the  lithium  salt  dissociation  owing  to  their  high  dielectric  constant 
and  take  on  task  to  create  the  most  part  of  the  well-known 
passivation  layer  so  called  SEI  (Solid  Electrolyte  Interphase)  at  the 
surface  of  the  negative  electrode  active  material  preventing  further 
detrimental  electrolyte  degradation  while  the  low  viscosity  acyclic 
carbonates  solvents  assure  good  performances  under  low  temper¬ 
ature  environment. 

The  fire  hazards  were  evaluated  using  the  multi-purpose  fire 
calorimeter,  called  Fire  Propagation  Apparatus  or  Tewarson  calo¬ 
rimeter  (over-instrumented  version  of  ISO  12136).  Following  the 
previous  studies  devoted  to  analyzing  the  carbonate-based  solvents 
fire  behavior  [18],  in  this  paper,  we  propose  a  comparative  study  on 
the  influence  of  the  addition  of  the  lithium  salt  (LiFSI  [19—22]  and 
LiPFs)  on  fire  parameters  and  gases  release.  LiPFg,  known  to  avoid 
aluminum  collector  corrosion  is  the  classical  salt  used  in  the  ~4  V 
functioning  LIBs  whereas  LiN(S02F)2  (called  LiFSI),  is  entering  the 
composition  of  liquid  electrolytes  in  the  LiFePC>4  (-3.5  V  vs.  Li+/Li°) 
-based  batteries  to  provide  best  low  temperature  performances. 
This  paper  is  divided  into  two  main  parts.  The  first  part  is  focused 
on  the  comparative  thermal  threat  aspect  of  fires  of  LiPFg  and  LiFSI- 
based  electrolytes  (time  to  ignition  (TTI),  heat  release  rate  (HRR), 
residue  analysis,  effective  heat  of  combustion),  and  the  second  part 
deals  with  chemical  threat  aspect  of  fires  of  these  electrolytes 
through  a  careful  toxic  gases  yield  analysis. 

2.  Experimental 

Seven  different  LiPFg-based  formulations  (Table  1),  known  as 
typical  candidates  for  lithium-ion  battery  electrolytes,  were 
investigated  as  received  from  Merck  KGaA,  Darmstadt,  Germany. 
The  LiFSI-based  electrolyte  (called  LF100  in  this  study)  has  been 
prepared  inside  a  dried  glove  box  (O2  and  H2O  <  0.1  ppm)  with  the 
pure  solvents  (purity  >  99.9%)  also  purchased  from  Merck  supplier 
and  a  high  quality  of  LiFSI  salt  obtained  from  Suzhou  Fluolyte 
Co.  Ltd. 

The  fire  experiments  were  carried  out  by  means  of  the  fire 
propagation  apparatus  (ASTM  E2058  and  NFPA  287),  also  called  the 


Table  1 

Designation  and  composition  of  LiPF6  and  LiFSI-based  electrolytes. 


Electrolyte 

designation 

Corresponding  solvent  mixture 

Nature  of  salt 

LP30 

EC/DMC  (1/1,  wt/wt) 

LiPF6  (11.8%,wt) 

LP40 

EC/DEC  (1/1,  wt/wt) 

LiPF6  (12.4%,wt) 

LP47 

EC/DEC  (3/7,  wt/wt) 

LiPF6  (13.1%, wt) 

LP50 

EC/EMC  (1/1,  wt/wt) 

LiPF6  (12.2%,wt) 

LP57 

EC/EMC  (3/7,  wt/wt) 

LiPF6  (12.7%,wt) 

LP71 

EC/DEC/DMC  (1/1/1,  wt/wt/wt) 

LiPF6  (12.4%,wt) 

LP100 

EC/PC/DMC  (l/l/3,wt/wt/wt) 

LiPF6  (11.46%,wt) 

LF100 

EC/PC/DMC  (l/l/3,wt/wt/wt) 

LIFSI  (13.74%, wt) 

Tewarson  apparatus  [23—25],  It  consists  of  a  combustion  region 
physically  delimited  by  an  infrared  transparent  quartz  tube  in 
which  an  incoming  air  flow  of  350  and  80—30  L  min-1  for  oxygen 
rich  and  lean  environments  respectively  was  adjusted  in  order  to 
simulate  both  under-ventilated  and  well-ventilated  conditions. 

Electrolyte  samples  were  placed  in  a  glass  dish  of  about  67  mm 
in  diameter,  which  itself  was  laid  onto  a  sample  holder  in  the 
central  axis  of  this  part  of  the  Tewarson  system.  The  dish  was 
weighed  before  and  after  the  combustion  test  to  check  the  possible 
presence  of  a  residue  after  the  combustion  process. 

The  thermal  aggression  was  provided  by  external  heat  flux  using 
four  infrared  heaters  of  different  power.  These  heaters  do  not  bring 
any  additional  fuel  source  needed  to  set  fire  condition  that  would 
otherwise  interfere  with  emissions  of  effluent  gases  from  the 
sample  under  testing.  The  results  can  then  be  utilized  to  set  a  fire 
testing  condition  comparable  to  real  fire  environment. 

After  combustion,  fire  products  are  totally  captured  and  mixed 
with  diluting  ambient  air  in  the  sampling  duct,  where  the  gas 
temperature  and  the  product-air  flow  rate  are  measured.  The  in- 
situ  on-line  analysis  of  the  diluted  fire  products  includes  the 
quantification  of  O2  (using  a  paramagnetic  analyzer),  CO  and  CO2 
using  a  non-dispersive  infra-red  (NDIR)  analyzers  and  a  Fourier- 
transform  infra-red  (FTIR),  soot  through  optical  measurement  and 
total  hydrocarbons  (THC)  by  means  of  a  flame  ionization  detector 
(FID).  An  online  supplementary  FITR  apparatus  provides  additional, 
quantitative  or  qualitative,  information  regarding  (toxic)  gas 
release  such  as  CO,  CH20,  HCN,  NOx,  and  S02  or  fluorinated  species 
(HF,...)  according  to  calibration  processes  and  available  IR  spectra 
databases.  The  quantification  of  these  gases  allows  the  detailed  and 
accurate  determination  of  both  chemical  and  thermal  threats. 

3.  Results  and  discussion 

3.3.  Short  summary  of  the  previous  studies  on  carbonated  solvents 
mixture  fire  behavior 

Of  the  fire  parameters  deduced  from  combustion  experiments 
[18]  on  different  linear  and  cyclic  carbonate  solvents  used  in  LIBs’ 
electrolytes,  the  heat  released  when  a  given  quantity  of  material  is 
burned,  called  effective  heat  of  combustion  (AHcef),  and  the  rate  at 
which  this  heat  energy  is  released  (heat  release  rate-HRR),  are  the 
most  important  variables  which  govern  the  fire  hazard  in  a  given 
scenario.  Linear  carbonate  solvents,  namely,  dimethyl  carbonate 
(DMC),  diethyl  carbonate  (DEC)  or  ethyl  methyl  carbonate  (EMC) 
show  higher  HRR  and  speed  of  combustion  than  the  cyclic  ones 
(ethylene  carbonate  (EC),  propylene  carbonate  (PC))  following  their 
ease  of  ignition  indicators  (such  as  flash  points).  Moreover,  the 
linear  and  cyclic  solvents  mixtures  HRR  profiles  exhibit  two  well 
distinguishable  successive  contributions  pertaining  to  the  linear 
then  cyclic  solvents;  modifying  the  composition  of  the  linear  vs. 
cyclic  carbonates  significantly  changes  the  magnitude  of  the  peak 
HRR  value  of  the  mixtures.  Interestingly,  it  was  also  shown  that  the 
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flash  point  of  the  solvent  mixtures  is  very  close  to  the  more  volatile 
linear  solvents  indicating  a  non-ideal  behavior  of  solvents  mix¬ 
tures.  Besides,  the  addition  of  the  LiPFf,  salt  to  the  solvents  mixture 
was  found  not  to  change  remarkably  its  flash  point  value,  likely  due 
to  weak  molecular  interaction  between  linear  carbonate  and  the 
salts  ions. 

Effective  heat  of  combustion  values  strongly  correlate  with  the 
theoretical  (total)  heat  of  combustion  values  obtained  from 
purpose-built  predictive  Boie  model  [26]  and  present  a  linear  de¬ 
pendency  on  O/C  ratio.  Hence,  unlike  most  of  the  hydrocarbons,  the 
effective  heat  of  combustion  values  of  both  single  solvents  and  their 
mixtures  can  be  envisaged  using  predictive  models. 

In  oxygen  rich  environments,  all  fire  hazard  indicators  obtained 
confirmed  a  combustion  process  that  releases  significant  energy 
and  reflects  completeness  of  combustion;  in  such  a  case,  very 
limited  toxicity  is  observed,  as  only  CO2  and  H2O  are  formed.  By 
contrast,  oxygen  lean  conditions  led  to  various  levels  of  incom¬ 
pleteness  of  combustion  according  to  types  of  tested  organic  car¬ 
bonates,  triggering  some  toxicity  issues  driven  essentially  by 
carbon  monoxide  and  to  some  extent  by  formaldehyde,  but  not 
departing  too  much  from  ordinary  combustible  materials. 

3.2.  Influence  of  adding  the  LiPFe  and  LiFSI  salts  on  calorimetric  and 
kinetic  parameters 

All  the  combustion  tests  have  been  performed  under  oxygen 
rich  environment  not  to  damage  the  combustion  chamber  quartz 
tube;  indeed,  too  high  HF  gas  is  concentrated  in  the  combustion 
chamber  while  performing  experiments  under  oxygen  lean  envi¬ 
ronment  as  a  result  of  reduced  inlet  air  flow  rates. 


Moreover,  preliminary  tests  were  conducted  with  the  aim  of 
assessing  the  effect  of  the  external  heat  flux  level  (10,  25  and 
40  kW  nrT2)  that  is  supplied  to  the  combustion  chamber  by  making 
use  of  four  infrared  heaters.  The  obtained  results  helped  us  define 
the  appropriate  heat  flux  level  applied  during  all  the  combustion 
tests  hereafter  reported,  at  a  fixed  value  of  25  kW  nrT2;  This  is  the 
value  from  which  no  liquid  residue  (EC  and  salt  containing)  is 
observed  at  the  end  of  combustion. 

3.2.1  LiPFs-based  electrolytes  combustion  tests 

The  combustion  tests  were  performed  on  the  electrolytes  for 
which  the  composition  and  designation  are  given  in  Table  1. 

3.23.1.  Fleat  release  rate  (HRR).  The  heat  release  rate  values  have 
been  calculated  from  production  of  CO2,  CO  and  soot  (CDG  calo¬ 
rimetry)  as  well  as  from  O2  consumption  (OC  calorimetry)  using 
equation  detailed  in  previous  papers  [27,28];  Both  methods  leading 
to  identical  and  reproducible  results. 

HRR  results  (Fig.  1)  of  the  solvents  mixtures  and  the  corre¬ 
sponding  LiPFg-based  electrolytes  show  quite  similar  profiles 
which  denote  that  the  salt  does  not  drastically  affect  the  solvents 
blends  fire  behavior;  the  salt  increases  the  time  of  combustion  (for 
instance  710  s  for  LP40  vs.  546  s  for  EC/DEC).  This  may  be  explained 
by  the  lithium  cations  desolvation  and/or  PFei  decomposition  pro¬ 
cesses  [29—31],  both  being  endothermic. 

3.2.I.2.  Effective  heat  of  combustion  (AFIcef).  The  effective  heat  of 
combustion  values  given  in  Fig.  2  and  Table  2  are  calculated  by 
integrating  the  aforementioned  HRR  curves  and  compared  with 
that  of  solvents  blends  reported  in  previous  publication  18].  These 


Time  (s) 


Fig.  1.  HRR  profiles  of  tested  electrolytes  and  their  corresponding  solvents  mixtures. 
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values  are  taken  as  averages  of  triplicate  determinations  and  are 
reported  as  kj  per  gram  of  solvents  mixture. 

Electrolytes  effective  heats  of  combustion  are  the  same  as  the 
corresponding  solvents  blends  (for  instance  -17.09  kj  g_1  of  solvent 
for  LP40  and  16.99  kj  g_1  of  solvent  for  EC/DEC  (1/1,  wt/wt)), 
illustrating  that  LiPFg  salt  has  negligible  effect  on  the  value  of 
combustion  energy  of  electrolytes.  This  could  be  explained  by  the 
fact  that  the  phosphorus  in  LiPFg  is  already  in  its  maximum 
oxidation  state  (Pv+).  Besides,  our  preliminary  combustion  test  on 
LiPFg  salt  alone  has  further  confirmed  the  incombustibility  of  the 
salt. 

As  emphasized  in  the  previous  publication,  these  effective  heat 
of  combustion  values  match  well  with  those  predicted  from  the 
Boie  model;  the  ratio  between  both  values  is  nearly  100%  (Table  2 
and  Fig.  2).  As  a  reminder,  the  predictive  equation  used  is: 

AHc  (kj  g-1)  =  33.800C  +  144.153H-18.019O  (1) 

where  C,  H  and  O  are  the  mass  fractions  of  carbon,  hydrogen  and 
oxygen  in  the  burning  electrolyte.  The  effective  heat  of  combustion 
of  electrolytes  varies  according  to  oxygen  to  carbon  ratio  (O/C)  of 
the  electrolytes  solvents  and  based  on  this,  LP30,  which  has  the 
highest  O/C  value,  presents  the  lowest  heat  of  combustion  and  LP47, 
which  has  the  lowest  O/C  ratio,  possesses  the  highest  energy  amid 
the  tested  electrolytes. 

In  summary,  from  all  the  combustion  tests  performed  on  elec¬ 
trolytes  under  oxygen  rich  environment,  we  infer  that  the  addition 
of  LiPFg  salt  does  not  change  the  effective  heats  of  combustion 
obtained  for  the  corresponding  solvents  mixtures  but  slightly 
modifies  the  HRR  profile,  increasing  the  time  of  combustion.  Note 
that  a  solid  residue  is  observed  at  the  end  of  all  the  combustion 
tests. 

3.2.13.  Combustion  residues  XRD  and  EDX  analysis.  Whatever  the 
electrolyte  tested,  the  amount  of  greyish-white  colored  solid  res¬ 
idue  left  at  the  end  of  the  combustion  is  estimated  at  -2%  of  its 
initial  mass  (Table  2).  From  XRD  analysis,  the  residue  is  composed 
of  LiF  (Fig.  3)  as  crystalline  material.  Besides,  resulting  from  EDX 
analysis  (Fig.  3  inset),  99.92%  at.  of  the  elemental  composition  of  the 
residue  is  fluoride  with  phosphorus  traces  (<0.1%  at.).  The  mass 
percentage  of  residue  represents  17%  of  the  LiPFg  mass;  this  value 


(Oxygen/Carbon) 

'  'electrolyte 

Fig.  2.  Correlation  between  of  O/C  ratio  and  effective  heat  of  combustion  of  electro¬ 
lytes  (per  gram  of  solvents  mixture)  (a)  and  solvents  mixtures  (O).  Inset:  correlation 
between  predictive  and  effective  heats  of  combustion  of  electrolytes  (per  gram  of 
solvents  mixture). 


corresponds  to  the  theoretical  ratio  mup/muppe.  This  highlights  the 
complete  conversion  of  the  salt  into  LiF  and  PF5  according  to 
Reaction  (2).  The  latter,  being  very  reactive  towards  water  vapor 
always  present  in  fire  gases,  forms  POF3  [32]. 

LiPF6(s)->LiF(s)  +  PF5(g)  (2) 

3.2.2.  Comparative  investigation  of  LiPFe  and  LiFSI-based 
electrolytes  fire  behavior 

This  study  deals  with  the  comparative  combustion  parameters 
analysis  of  EC/PC/3DMC  +  1  M  LiPFg  and  EC/PC/3DMC  +  1  M  LiFSI- 
based  electrolytes.  On-line  visual  observation  of  combustion  tests 
showed  quite  different  behaviors,  noticeably  in  the  second  stage  of 
combustion.  In  first  stage,  the  combustion  behaviors  are  almost  the 
same,  except  the  time  to  ignition  which  is  slightly  shorter  for  LiFSI- 
based  electrolyte  (-10  vs.  38  s).  In  the  second  stage,  the  combustion 
of  LiFSI-based  electrolyte  was  observed  to  be  more  explosive  and 
went  to  extinction  in  a  shorter  time. 

3.2.2.I.  Heat  release  rate  (HRR).  Fig.  1  shows  HRR  profiles  of  LF100 
and  LP100  electrolytes  and  their  base  solvent  mixtures.  As  can  be 
clearly  seen,  there  is  a  substantial  variation  for  the  two  electrolytes 
for  t  >  300  s,  i.e.  in  the  second  phase  of  combustion,  where  LiFSI- 
based  electrolyte  presents  a  quite  sharp  HRR  peak  compared  to 
LiPFg  electrolyte.  The  difference  in  the  HRR  evolution  is  likely  to  rely 
on  the  different  salts  thermal  behavior.  Unlike  LiPFg  which  exhibits 
an  endothermic  decomposition  path,  the  thermal  decomposition  of 
LiFSI  salt  is  exothermic  [16,19], 

Conventional  liquid  pool  fires  equilibrium  regime  in  steady  state 
is  known  to  come  from  adjustment  of  energy  radiated  from  flames 
to  the  pool  surface  which  provides  the  vaporization  energy  in  the 
case  of  conventional  liquid.  This  re-radiation  effect  account  for 
some  2—5%  of  overall  radiated  energy  33]  in  large  pools  and 
determine  steady-state  combustion  speed,  due  to  isotropy  of  ra¬ 
diation  transfer.  In  case  of  extra-energy  developed  in  the  liquid 
phase  by  decomposition,  this  may  lead  to  sharp  but  transient  in¬ 
crease  of  overall  rate  of  heat  release,  as  energy  is  more  efficiently 
transferred  to  the  remaining  liquid.  This  type  of  specific  behavior  of 
some  substances  was  already  evidenced  in  previous  work  on 
organophosphorous  pesticides  like  chlormephos  containing  the 
very  reactive  — (P=S)  chemical  bonding  [34]. 

3.22.2.  Effective  heat  of  combustion  (AHcef).  Table  2  and  Fig.  2 
displays  the  effective  heat  of  combustion  of  LP100  and  LF100 
electrolytes  and  their  EC/PC/3DMC  solvents  mixture.  LiPFg-based 
electrolyte  gives  similar  value  as  the  solvent  mixture  whereas  LiFSI- 
based  electrolyte  shows  slightly  lower  value  which  seems  in 
accordance  with  the  carbon  found  as  residue  as  discussed  hereafter. 

Thus,  the  salts  seem  again  not  to  have  significant  added 
contribution  towards  the  effective  heat  of  combustion  and  this  is 
not  an  unanticipated  result  because,  as  Pv+  in  case  of  LiPFg,  the 
sulfur  in  LiFSI  is  in  its  maximum  positive  oxidation  state,  Sv,+. 

3.2.23.  XRD  and  EDX  analysis  of  residues.  As  already  stated,  the 
residues  for  LiPFg-based  electrolytes  were  found  to  be  ~2%wt. 
(greyish-white  color)  and  their  chemical  nature  determined  by 
XRD  and  EDX  analyses  was  revealed  to  be  LiF. 

LiFSI-based  electrolytes  combustion  leaves  ~5%wt.  of  residues  of 
black  colour.  XRD  diagram  revealed  the  presence  of  LiF  and  L^SCk 
and  some  non-assigned  peaks  (Fig.  3).  EDX  analysis  revealed  the 
presence  of  carbon  (26%  at.),  nitrogen  (12%  at.),  oxygen  (38%  at.), 
fluorine  (15%  at.)  and  sulfur  (9  %  at.).  The  presence  of  carbon 
element  is  in  line  with  the  colour  of  the  residue  and  is  due  to 
incomplete  combustion  of  solvent;  this  can  be  explained  by  the 
LiFSI  presence  related  2nd  phase  combustion  reaction  suddenness. 
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Table  2 

Comparison  of  thermal  parameters  and  quantification  of  toxic  effluents  released  from  burning  various  LiPF6  and  LiFSI-based  electrolytes. 


LP30 

LP40 

LP47 

LP50 

LP57 

LP71 

LP100 

LF100 

Initial  mass  (g) 

61.4 

58.95 

48.02 

60.1 

47.3 

55.35 

64.7 

61.2 

Residue  (wt.  %) 

1.95 

1.87 

2.29 

2.0 

2.8 

2.17 

2.0 

5.0 

Ease  of  ignition  (s) 

Time  to  ignition  (TTI) 

40 

30 

28 

34 

26 

30 

38 

10 

Time  of  combustion 

676 

682 

572 

638 

576 

575 

695 

460 

Heat  of  combustion  (kj) 

Integrated  HRR 

726 

896 

760 

839 

678 

814 

831 

750 

Measured  heat  of  comb,  (/g  of  elec.) 

11.82 

15.20 

15.83 

13.96 

14.33 

14.7 

12.84 

12.25 

Measured  heat  of  comb,  (/g  of  solv.) 

13.41 

17.35 

18.21 

15.90 

16.42 

16.79 

14.51 

14.21 

Predicted  heat  of  comb,  (/g  of  solv.) 

13.57 

17.05 

18.80 

15.55 

16.68 

16.19 

14.60 

14.60 

Energy  conversion  efficiency  (%) 

98.8 

100 

96.9 

100 

98.4 

100 

99.4 

97.3 

Product  yields  (mg  gas/g  of  elect.)0 

C02 

1241 

1562 

1469 

1431 

1355 

1405 

1285 

1308 

CO 

5.5 

12.2 

16.8 

9.2 

10.6 

9.7 

7.6 

1.9 

HCOH 

0.4 

0.8 

0.4 

0.6 

0.9 

0.7 

0.9 

0.9 

ch4 

- 

0.1 

0.1 

- 

- 

0.1 

- 

- 

c2h4 

0.1 

- 

1.8 

0.1 

0.1 

- 

1.6 

- 

C2H2 

0.8 

0.9 

- 

0.4 

2.9 

0.2 

- 

0.8 

THC 

6.8 

3.3 

2.1 

1.1 

1.6 

6.9 

- 

10.0 

Soot 

13.2 

0.8 

4.7 

3.4 

4.8 

- 

3.5 

7.8 

HF 

52.4 

58.0 

53.8 

59.5 

53.8 

52.4 

58.4 

17.6 

SiF„ 

2.7 

5.2 

3.2 

10.6 

2.3 

6.5 

4.3 

- 

HF  conversion  efficiency  (HF  +  SiF4)  (%) 

70a 

76a 

65a 

84c1 

66a 

70 1 

90a 

60 

.a 

00 

LD 

63  b 

54b 

70b 

55b 

59b 

76b 

- 

S02 

- 

- 

- 

- 

- 

- 

- 

70.7 

Fuel-S  to  S02  conversion  efficiency  (%) 

- 

- 

- 

- 

- 

- 

- 

75 

HCN 

- 

- 

- 

- 

- 

- 

- 

0.4 

NO 

- 

- 

- 

- 

- 

- 

- 

3 

Fuel-N  to  N-containing  emissions 
conversion  efficiency  (HCN  +  NO)  (%) 

" 

" 

" 

" 

" 

' 

' 

16 

a  On  basis  of  PF5  and  taken  into  account  HF  and  SiF4  content  values. 
b  On  basis  of  LiPF6  and  taken  into  account  HF  and  SiF4  content  values. 
c  Unless  other  units  are  specified  in  the  table. 
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Fig.  3.  XRD  patterns  of  LP100  and  LF100  electrolyte  residues.  Inset:  EDX  analysis. 


The  O/S  ratio  is  equal  to  4.2,  which  corroborates  the  XRD  result 
indicating  IJ2SO4  presence.  Fluorine  is  assumed  to  fully  enter  the 
composition  of  LiF  phase  as  in  case  of  LiPFg  and  unfortunately  ni¬ 
trogen  could  not  be  assigned.  Note  that  F/N  and  S/N  ratios  are  equal 
to  1.25  and  0.75  respectively.  In  LiFSl  salt,  these  ratios  are  equal  to  2, 
which  indicate  that  F  and  S  are  more  easily  lost  in  the  gaseous 
phase.  Considering  that  the  total  lithium  content  is  retained  in 
residue,  we  calculated  from  EDX  results  the  following  mass  per¬ 
centages;  C  (18.6),  N  (10.7),  O  (36.8),  F  (16.9)  and  S  (16.8).  The 
fluorine  represents  27%  of  HF  equivalent,  the  sulfur,  16%  of  SO2 
equivalent  and  the  nitrogen,  52%  of  HCN  equivalent;  these  values 
will  be  discussed  in  the  following  section  related  to  gas  emission. 

3.3.  Gases  analysis 

Investigations  focused  on  the  measurement  of  soot,  CO  and  CO2 
from  (in)complete  combustion,  unburned  hydrocarbons  (THC, 
C2H2)  and  associated  oxygenated  compounds  (such  as  aldehydes), 
and  salts  decomposition  products  such  as  HF,  SO2,  POF3,  HCN  and 
NO.  SiF4  is  also  detected,  originating  from  the  HF  attack  on  quartz 
tube  and  then  has  to  be  counted  as  additional  HF  in  actual  scenario 
of  interest.  These  toxic  gas  effluents  are  basically  considered  as 
essentially  driving  an  irritant  (HF,  NO,  HCOH  and  SO2)  or  asphyxiant 
(CO2,  CO,  HCN)  effect  on  living  targets.  More  exotic  species  in  fire 
gases  like  POF3  are  less  well-known  but  might  present  more 
complex  systemic  effect. 

3.3.1.  Gases  coming  from  solvents 

As  shown  in  Table  2,  numerous  gases  (hydrocarbons,  oxygen¬ 
ated  compounds)  as  well  as  soot  coming  from  solvent  molecules 
are  detected  in  well-ventilated  conditions  for  all  tested  LiPF6  and 
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LiFSI-based  electrolytes,  which  differs  from  the  gases  released 
during  the  solvents  mixture  burning  tests  (only  CO2  and  H2O). 
These  results  suggest  that  adding  salts  into  solvent  mixtures  makes 
the  combustion  incomplete.  However,  except  for  soot  values,  these 
gaseous  products  are  in  lower  quantity  than  in  case  of  solvents 
mixture  combustion  in  oxygen  lean  environment.  As  displayed  in 
Fig.  4  in  case  of  LP100,  for  the  example  of  CO,  the  gases  production 
starts  at  the  end  of  the  2nd  phase  suggesting  a  kind  of  pseudo- 
under  ventilated  condition;  the  combustion  transits  from  oxygen 
rich  (first  phase  with  production  of  CO2  only)  to  kind  of  oxygen  lean 
environment. 

Moreover,  the  amount  of  CO  for  LiPF6  is  about  five  times  higher 
than  that  of  LiFSl  and  (C0/C02)LiPF6  to  (C0/C02)L;Fsi  molar  ratio  is  9/ 
2,  which  implies  that  the  degree  of  combustion  towards  completion 
is  less  favored  in  the  case  of  LiPF6  leading  to  higher  potential  toxic 
hazards. 


3.3.2.  Gases  coming  from  salts 

Fig.  4  shows  that  the  release  of  the  HF,  SO2,  NO,  HCN  gases  oc¬ 
curs,  as  CO  and  other  solvents-related  gases,  at  the  end  of  the 
combustion,  in  the  aforementioned  pseudo-under  ventilated  con¬ 
dition.  Besides,  it  is  clearly  seen  that  the  HF  production  span  is 
shorter  for  LiFSl  than  LiPF6,  which  is  in  compliance  with  the  HRR 
sketches  shown  in  Fig.  1  for  both  salts. 

3.3. 2 A.  LiPFe-based  electrolytes.  The  amount  of  HF  released  is  not 
negligible  (52.4—60.1  mg  g_1  electrolyte)  and,  even  in  well- 
ventilated  conditions,  a  low  quantity  of  its  condensed  vapors  was 
found  to  attack  the  quartz  tube  glass  (basically  composed  of  Si02) 
with  the  production  of  SiF4  (2.3—10.6  mg  g_1  electrolyte). 

This  gas  is  coming  from  hydrolysis  reactions  (Reactions  (3)  and 
(4))  yielding  also  POF3  then  P2O5. 

PF5  +  H20— >POF3  +  2HF  (3) 

2POF3  +  3H20  ->  P205  +  6HF  (4) 

The  calculations  (Table  2)  indicate  the  corresponding  conversion 
efficiency  values  vary  from  65  to  90%;  the  conversion  efficiencies 


being  calculated  considering  every  fluorine  atom  (in  PF5)  is  con¬ 
verted  in  HF: 

Convei  sion  efficiency  =  ITldetected  gas/iTitheoretically  emitted  gas  *  1 00 

(5) 

It  must  be  stressed  that  POF3  was  detected  via  FTIR  technique 
with  the  presence  of  a  strong  band  in  the  960—1000  cnrT1  range 
and  a  small  one  in  the  840—900  cm-1.  Its  quantity  could  have  been 
evaluated  for  LP100  to  3.1  mg  g_1  electrolyte.  This  low  value  (cor¬ 
responding  to  2.75%  HF  equivalent)  confirms  POF3  hydrolysis. 

33.2.2.  LiFSI-based  electrolyte 

3.3.2.2A.  SO2  gas  production.  If  we  consider  that  total  S  content 
in  LiFSl  turns  into  SO2  upon  combustion  test,  we  would  obtain 
94  mg  of  S02  per  gram  of  electrolyte.  Hence,  the  detected  SO2 
(70.7  mg  g_1  electrolyte)  leads  to  a  conversion  efficiency  of  75%.  If 
we  add  16%  of  S02  equivalent  obtained  from  residue  (in  Li2SC>4),  we 
recover  91  %.  The  relatively  high  equivalent  conversion  efficiency  for 
SO2  could  be  attributed  to  the  ease  of  N— S  and  S— F  bond  breakage 
compared  to  S=0.  This  is  also  in  agreement  with  previous  findings 
about  the  fate  of  S-containing  combustible  materials  that  can  be 
accessed  in  the  open  literature  [34], 

33.2.2.2.  FIF  gas  production.  If  we  consider  that  the  total  F 
content  in  LiFSl  turns  into  HF  upon  combustion  test,  we  would 
obtain  29  mg  of  HF  per  gram  of  electrolyte.  Hence,  detected  HF 
value  (17.6  mg  g_1  electrolyte)  represents  61%  of  this  theoretical 
value.  If  we  add  27%  of  HF  equivalent  obtained  from  LiF  residue,  we 
recover  88%.  Note  that  the  yield  of  HF  in  LiPF6-based  electrolyte  is 
3.6  times  that  of  LiFSl. 

33.2.23.  HCN  and  NO  gases  production.  The  detected  N-con- 
taining  gases  are  HCN  and  NO.  The  quantity  of  these  gases  corre¬ 
sponds  to  a  conversion  efficiency  in  HCN  equivalent  of  16%.  The 
addition  of  52%  of  HCN  equivalent  recovered  in  residue  increases 
the  value  up  to  68%.  It  must  be  emphasized  that  lower  conversion 
efficiencies  (few  %)  are  usually  expected  from  the  fuel-N  (NO*  and 
HCN)  released  from  organo-nitrogen  compounds  combustion, 
which  is  explained  by  the  high  rate  of  nitrogen  recombination  into 
N2  [35],  The  quite  surprising  elevated  value  encountered  in  case  of 
the  LiFSI-based  electrolyte  leads  to  the  idea  that  rules  prevailing  for 


Fig.  4.  Yield  of  toxic  gases  released  during  combustion  of  LP100  and  LF100  electrolytes. 
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conversion  efficiency  of  harmful  elements  as  N,  S,  P,  halogens... 
encountered  in  usual  combustibles  have  to  be  revisited  when 
combustibles  are  partially  mineralized. 

33.23.  Further  considerations  on  HF  emissions.  Actual  HF  release 
from  various  accidental  scenarios  that  may  affect  the  lithium-ion 
battery  value  chain  (during  manufacturing,  storage,  transport, 
integration  in  battery  powered  systems,  end  use,  or  recycling...) 
has  often  been  a  subject  of  debate  and  still  justifies  more  research 
according  to  inherent  toxicity  issues,  in  particular  in  the  context  of 
emergency  response  in  underground  park  places.  Whereas  ac¬ 
cording  to  our  measurements  here,  we  may  conclude  that  HF 
release  would  be  of  major  concern  in  case  of  massive  open  pool 
fires  involving  tested  electrolytes,  some  favorable  factors  as  hy- 
drophilicity  of  HF  in  gaseous  state  as  well  as  its  high  capacity  of 
adsorption  or  reaction  with  various  media  (metals,  plastics,  glass . . . ) 
will  induced  fast  partial  trapping  of  HF  emissions  and  limit  final 
transport  by  fire  gases  to  a  given  critical  target. 

3.4.  Other  parameters  potentially  influencing  electrolyte 
combustion  processes 

Apart  from  chemical  nature  of  combustible  materials,  degree  of 
ventilation  (oxidizing  environment)  of  electrolyte  fires  is  by  far  the 
main  governing  parameter  of  the  fire  scenario.  This  may  be  affected 
by  situations  not  studied  here,  like  sudden  breakdown  of  the  active 
material  in  the  cathode  that  can  release  up  to  15%  of  the  oxygen 
required  to  complete  oxidation  of  the  electrolyte  for  NMC  type  cells 
(according  to  P.  Roth  et  al.  36]),  or  by  sudden  rupture  of  battery 
casing.  According  to  technical  choice  of  the  active  material,  inter¬ 
ference  with  the  electrolyte  burning  process  in  a  given  thermal 
runaway  scenario  leading  to  a  fire  occurrence  may  be  more  or  less 
easy  (reputed  quite  difficult  with  LFP  type  of  active  material  ac¬ 
cording  to  better  thermal  stability).  In  practice,  trade-offs  must  be 
considered  with  relating  battery  overall  performances  in  terms  of 
capacity,  cyclability  and  so  on,  before  defining  optimal  selection  of 
the  components  for  a  given  application. 

In  the  same  way,  the  contribution  of  the  salt  in  the  fire  behavior 
of  the  electrolytes  may  be  affected  by  various  additives,  another 
current  area  of  investigation. 

3.5.  LiPFs  versus  LiFSI:  any  winner  at  light  of  the  work? 

From  a  fire  safety  management  viewpoint,  we  did  not  observe 
major  differences  in  terms  of  overall  energy  releases,  but  observe 
some  important  differences  in  terms  of  fire  dynamics  and  relating 
energy  and  toxic  release  profiles  that  underpin  small  advantages 
and  sometimes  drawbacks  for  both  studied  salts,  according  to 
parameter  considered.  As  a  result,  more  than  designating  a  winning 
solution  in  between  the  two  salts  tested,  the  work  provides  perti¬ 
nent  information  to  progress  in  fire  safety  engineering  and  risk 
assessment  of  energy  storage  applications  involving  tested 
electrolytes. 

4.  Conclusion 

The  effect  of  LiPFg  and  LiFSI  salts  addition  on  the  combustion- 
related  thermal  and  chemical  profiles  of  carbonate  solvents 
blends  has  been  explored.  Speeds  of  combustion  of  linear  carbon¬ 
ates  reveal  higher  than  their  cyclic  counterparts  in  our  experi¬ 
ments.  This  is  in  agreement  with  ignition  characteristics  of  test 
electrolytes  (see  ease  of  ignition,  Table  2)  and  observations  of  neat 
carbonates  fire  behavior  (as  reported  by  Eshetu  et  al.  [18]  and  in 
Section  3.1 ).  Accordingly,  HRR  profiles  of  linear/cyclic  carbonate 
blend  based  electrolytes  exhibit  two  well  distinguishable  burning 


phases  successively  driven  by  dominant  contribution  of  linear  then 
cyclic  carbonate  solvent  component.  Adding  the  salts  brings  about  a 
substantial  variation  for  the  two  electrolytes  in  the  last  phase  of 
combustion;  LiPF6  slightly  extends  combustion  duration  whereas 
LiFSI  entails  a  shorter  and  sharper  HRR  peak.  This  behavior  changes 
can  be  assigned  to  their  decomposition  pathway,  endothermic  and 
exothermic  respectively. 

Effective  heat  of  combustion  values  of  LiPF(;  and  LiFSI  based 
carbonate  electrolytes  are  comprised  between  11  and  16  kj  per 
gram  of  electrolyte  (between  the  LP30  and  LP47  values).  They  can 
be  precisely  predicted  by  making  use  of  Boie  Model;  favoring  cyclic 
carbonate  and  linear  carbonate  with  short  alkyl  chain  length. 

The  trend  in  the  evolution  of  the  mass  production  of  all  the 
detected  gases  was  similar  and  is  predominantly  produced  near  to 
the  end  of  the  combustion  phenomena  when  the  reaction  ulti¬ 
mately  passes  from  oxygen  rich  to  oxygen  lean  environment.  The 
results  confirm  that  the  toxicity  issue  resulted  from  effluent  is 
mainly  governed  by  the  nature  of  the  salt.  The  analysis  emphasized 
the  interest  of  using  LiFSI  for  decreasing  HF  gases  evolution  (3.6 
times  less).  However,  others  toxic  gases  are  produced  along  with  HF 
as  SO2,  CO,  NO,  HCN,  which  may  enhance  the  toxicity  hazards 
(cumulative  effect).  A  toxicity  hazards  assessment  in  case  of  sce¬ 
nario  of  interest  is  under  investigation  when  integrated  into  func¬ 
tional  battery  systems  and  will  be  unveiled  in  a  forthcoming  paper. 
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